We present 2D axisymmetric numerical models of the dynamics of a multi¯uid interaction between a high-velocity rare®ed wind of ionization fraction 0:5 and dense clumps of varying ionization fraction. The difference in the relative ram pressure acting on the neutral and ionic components of the clump results in a separation between the ionic and neutral bow shocks, which is an order of magnitude larger than that which would be expected from the different pressure to density ratios of the ions and neutrals. This results in the neutral bow shock leading for a low-ionization clump, and the ionic shock leading for a high-ionization clump. Simulated long-slit Ha spectra are calculated for each of three clump ionization fractions. For higher levels of clump ionization a narrow component at the preshock speed is clearly seen in the emission pro®le. Such a component is typically seen in spectroscopic observations of the Balmer ®laments of supernova remnants.
I N T R O D U C T I O N
Extensive studies of multi¯uid hydrodynamics have been carried out over the last two decades (Draine 1980; To Ãth 1994; Pineau des Fore Ãts, Roueff & Flower 1986; and Flower et al. 1985) . These have mainly been in the area of low-velocity MHD shocks, where effects such as the MHD precursor of streaming ions is important. Lim (1995) performed a one-dimensional study of high-velocity, multiuid shocks which were applied to the emission from the nonradiative shocks found in supernova remnants. The multi¯uid model was, however, found to be inapplicable to this emission owing to the lack of thermal contact between neutral particles at the high ionization of the regions involved on a scale of order 10 13 cm. Consequently, a more appropriate model for the shock structure on this scale involves solving a transport equation for the distribution function of the neutral gas. This approach was taken by Lim & Raga (1995) . In addition, the pressure in the ionic gas contains a contribution from the electrons and thus the components of thē ow have unequal pressure to density ratios at a given temperature. The characteristic speeds of these intermixed¯uids are therefore unequal, resulting in the separation between the neutral and ionic shocks studied by Lim (1995) .
The purpose of the present paper is to investigate the higher dimensional behaviour of a multi¯uid system on larger scales (of order 10 15 cm), where a¯uid behaviour of the neutrals can reasonably be assumed. We consider the interaction between a supernovatype wind and a clump for several ionization levels of the clump. If the ionization state of the wind and clump are not the same, it is possible for the entire shock structures of the¯uids to drift relative to each other simply owing to the differing relative ram pressures. The neutral and ionic components of the wind interact primarily with the corresponding components of the obstacle, and thus thē ow pattern in the bow shock region will depend upon the ionization fractions of both the wind and the obstacle.
A relevant question of course refers to the applicability of wind/ clump interaction models to the case of supernova (SN) remnants. As SN remnants expand through an inhomogeneous medium, dense regions will be left behind, and remain embedded in the expanding SN shell for a`clump survival' time-scale.
There are two situations in which wind/clump interactions can produce an observational signature. First, the interaction of the expanding remnant with a large number of unresolved clumps will result in a modi®cation of the emission-line pro®les of the remnant. A substantial line broadening will occur, and more complex effects result from the multi¯uid behaviour described in the present paper. High-resolution line pro®les of the Cygnus Loop (see, e.g., Hester, Raymond & Blair 1994) have traditionally been interpreted in terms of plane-parallel shocks with precursors. The incorporation of a treatment of the effect of a large number of unresolved inhomogeneities in the¯ow will clearly introduce different possibilities for the interpretation of such line pro®les.
The second situation is that in which one directly resolves slow moving condensations embedded in expanding SN remnants. Baade & Minkowski (1954) discovered the`quasi-stationary¯oc-culi' embedded in the Cassiopeia A remnant (also see Chevalier & Kirshner 1979) . Such condensations have now been observed with the Hubble Space Telescope (HST) even in SN remnants in the Magellanic Clouds (Morse et al. 1996) . In the near future, long-slit spectra of condensations in SN remnants obtained with the HST will become available. The predictions of position±velocity diagrams presented in this paper will be useful for carrying out direct comparisons with such observations.
In this paper we present 2D axisymmetric numerical models of the interactions of a series of dense spherical clumps of various ionization fractions with a high-velocity wind with ionization fraction 0:5. The velocity of the wind is 1000 km s À1 , and so the effects of any magnetic ®eld can be ignored. We have computed a model with a clump ionization that is higher than that of the wind. Even though it is somewhat dif®cult to imagine how this situation could arise, the physics of the¯ow in this situation also applies to cases of any geometry where media of differing ionizations interact, for example, a collision of two winds. The model is therefore included for completeness.
We solve the inviscid Euler equations in two dimensions in the absence of a magnetic ®eld. In order to follow the behaviour of both the neutrals and ions separately, these equations must be solved for each of these components, and suitable source terms for their interaction must be included. These terms (Draine 1980) give the exchange of thermal energy and bulk momentum between two intermixed, but independent,¯uids. The set of equations solved is as follows.
Where r i are the densities of various species, r T is the total density summed over all species v x and v r are the velocities in the axial and radial directions respectively, P is the pressure, and M j describes the exchange of mass between the two¯uids. The source terms F x , F r and G describe the exchange of x-momentum, r-momentum and energy owing to elastic collisions and charge transfer. These terms are taken from Draine (1980) . E is the total energy density, given by
If this set of equations is considered to be the that for the conserved variables of the neutrals, then the corresponding set for the ions will be identical with the signs of the exchange terms inverted.
The gas of electrons is observed to behave adiabatically both in laboratory shocks and those in the Earth's ionosphere, this property is imposed upon the model by means of a conservation equation for the quantity, S e P e r e À 5 3 . Such an equation may be simply derived from the set of Euler equations for the conserved variables of the electron gas (Lim 1995) , and in 2D cylindrical symmetry takes the form ¶ ¶t S e r e ¶ ¶x
Where, for the electron gas, r e is the density, P e is the pressure, and G r and G E are the source terms for the density and energy of the electron gas respectively. v x and v r in this equation refer to the ions, with which the electrons are assumed to be comoving.
The collisional ionization of hydrogen and helium by electron impact is included with the rate coef®cients of Cox (1970) , that of hydrogen by proton impact with a numerical ®t of Gaussians to an integrated rate coef®cient calculated from the raw cross-section data of Fite et al. (1960) , using the integration method of Lim (1995) . The recombination rates of hydrogen and helium are calculated with the interpolation formulae of Seaton (1960) and Aldrovandi & Pe Âquignot (1973) , respectively. An estimate of the ionization scalelength with the approximate formula (Curiel 1992)
reveals, for the parameters of the model [i.e., n < 1 cm À3 , v s < 1000 km s À1 and k given by the rate coef®cient of Cox (1970) , with a temperature of order 10
7 K], a scalelength of approximately 10 17 cm. This is an order of magnitude larger than the size of the grid, which has a size of 2:56´10 16 cm in the xdirection. We should not, therefore, expect to see full ionization in these models. The cooling due to Lyman-a emission is included using the collision strengths of Giovanardi & Palla (1989) .
The numerical method used to integrate these equations is that of ux±vector splitting due to Van Leer (1972) , which is very stable for high Mach number¯ows. Second-order spatial accuracy is introduced using the cell-boundary-gradient averaging method of Falle (1991) .
The equations are solved on a 2D adaptive grid with binary re®nement using the newly developed`Reefa' code. The grid used here has a maximum resolution of 513´257 points and ®ve levels of re®nement. The spatial size of the grid is 256:5´10 15 in the xdirection by 128:5´10 15 in the r-direction. Grid re®nement is increased by successive factors of 2 if a high gradient in any of thē ow variables is detected. This binary re®nement method follows the`Coral' adaptive grid code (Raga 1994) , however the Reefa code uses a`linked grid' with run-time memory allocation. The commercial`Cobra' code (Falle & Raga 1993 ) produces a binary re®nement grid, but with the criteria for successive re®nements being based on an analysis of the truncation errors rather than the gradients of the¯ow variables. Fig. 1 shows an example of the distribution of the grid points, allocated during run-time, combined with a contour plot of the density of neutral hydrogen at an integration time, 0:89 yr, and a clump ionization of 0:9.
The models presented in this paper are partially radiative (only radiative energy loss arising from ionization and Lyman-a emission are included), and consist of a wind with density 1 cm À3 , velocity 1000 km s À1 and ionization fraction 0:5, interacting with a spherical clump of radius 1:92´10 14 cm, density, 10 cm À3 . A 10 per cent fraction by number density of helium is included using equation (1) and the ionization state of hydrogen and helium were assumed to be the same. Models were run for clump ionizations of 0:1, 0:5 and 0:9, these values were chosen to illustrate the three general structures which can arise in the model.
R E S U LT S
For the cases in which the ionization state of the wind and clump are unequal, the neutral and ionic components of the ambient wind have signi®cantly different behaviour upon encountering the clump. Figs 2 to 4 show a history of the X cl 0:9 model at six points in the evolution of the shock structure (the contours represent successive factors of 2 in the neutral pressure). Immediately apparent from these ®gures is the`two-shock' structure of the multi¯uid¯ow. This q 1999 RAS, MNRAS 303, 546±554 structure is not seen in Fig. 5 , which shows a corresponding contour plot of the ionic pressure in the X cl 0:9 model at 0:89 yr.
This result can be understood as follows: the ambient wind, having an ionization fraction of 0:5, contains an equal mass density of ions and neutrals. The clump, however, has a much higher ionization fraction and, to to ®rst order, each component of the wind sees only the corresponding component of the clump. Since the clump is only 10 per cent neutral, the relative ram pressure of neutrals on the clump is much higher than that of the ions and the incident bow shock in the neutral component is pushed closer to the clump than that in the ions. In the region between the two shocks the exchange of energy between the ions and neutrals takes place through the source terms F x , F r and G in equations (2), (3) and (4). This produces a large perturbation on the preshock conditions of the neutrals while they are in contact with shocked ions. The plot of the neutral pressure, therefore, also traces the position of the bow shock in the ions. The perturbation on the shocked ions in this region, however, is small and only a series of small`kinks' can be seen in the ionic pressure contours of Fig. 5 .
In the case of a clump with a lower ionization than the wind this situation is reversed with the relative ram pressure upon the ions in the clump being much higher than that upon the neutrals. The positions of the ion and neutral shocks in this case are reversed with the neutral shock having a larger stand-off distance from the clump. This can be seen in Fig. 6(a) , which shows a contour plot of the ion pressure at time 0:89 yr, for the model with X cl 0:1. The position of the neutral shock is shown by the outer jump, which actually traces the increase in the¯ow variables of the ions owing to their interaction with the shocked neutrals. The inner set of close contours is the bow shock in the wind ions. This can most clearly be seen in Fig. 6(b) , which shows a base-10 logarithmic plot of the neutral, ion and electron temperatures along the symmetry axis, and Fig. 6(c) , which shows a similar on-axis plot of the neutral and ion densities. The density plot, Fig. 6(c) , shows the offset between the neutral and ion shocks and also the smaller offset between the contact discontinuities. Figs 6(d) and (e) show plots corresponding to 6(b) and (c), but for a distance of r 5´10 14 cm from the symmetry axis. A larger offset between the bow shocks is seen at this radius owing to the shocks being more oblique.
Energy losses resulting from collisional ionization, radiative recombination and Lyman-a emission sink energy from the electrons and this energy loss is passed on to the ions. In addition, the Fig. 3 (a) .
electrons have a much lower postshock temperature than the other species (since they undergo a purely adiabatic shock) and they sink energy from the postshock ions. The neutrals are only affected by these energy losses through the exchange terms with the ions and hence the ions lose energy faster in the postshock region than the neutrals. The ionic bow shock, therefore, has a smaller radius of curvature than the neutral bow shock, and in the X cl 0:1 model (where the neutral shock is upstream of the ionic shock) this results in the two bow shocks diverging, as in Fig. 6(a) . In contrast, the neutral and ion bow shocks in the X cl 0:9 model converge as the ion shock moves ahead. Fig. 7 shows a plot of the X cl 0:5 model in the same format as Fig. 6 , with a contour plot of the neutral pressure. In this model the ionization fraction of the obstacle is identical to that of the wind and the behaviour of the ions and neutrals is very similar. The ion shock is ahead of the neutral shock by a distance of order 10 13 cm and this is due only to the extra contribution of the electrons to the ion pressure.
Finally, Fig. 8 shows the same data for the X cl 0:9 model. Here the ion shock moves ahead and the on-axis difference in the ion and neutral stand-off distances is more pronounced than in the lower ionization model. This is again a result of the pressure of the electrons.
Figs 9 to 11 show simulated long-slit spectra of Ha emission which correspond to the state of the shock structure shown in Figs 6 to 8. A viewing angle of v 45 ± between the line of sight and the xaxis is chosen as a typical value for this parameter. The effect of changing this angle is simply to alter the Doppler shift owing to bulk ow in the x-direction and hence the relative positions of the broad and narrow components described below. A value of v 90 ± implies the components are coincident and v 0 ± implies maximum separation. We assume a slit which is wide enough to include q 1999 RAS, MNRAS 303, 546±554 all of the emitting region and the Ha emission coef®cient is calculated considering radiative recombination (Aller 1984) and collisional excitation from the n 1 state (Giovanardi & Palla 1989) . All of these emission pro®les show the typical broad emission from the stagnation region of the bow shock becoming narrower as the position on the viewing plane increases and the bow shock becomes more oblique to the ambient¯ow. Also apparent is a strong narrow peak corresponding to the high density but cooler gas behind the shock which moves into the clump. In the emission from the X cl 0:9 model, shown in Fig. 11 , another narrow component is visible, centred on a velocity corresponding to the part of the preshock speed which is parallel to the line of sight. This emission originates from the intershock region where the neutrals are cool and fast-moving, but are in contact with hot electrons behind the ion bow shock resulting in strong emission. A similar structure is seen in the Ha line pro®les of the Balmer ®laments found in various SNRs (see, for example, Smith, Raymond & Laming 1994; Raymond 1995) .
C O N C L U S I O N S
Using a new adaptive grid code for multi¯uid hydrodynamics we have calculated the dynamics and Ha emission spectra of three models of a partially ionised wind (X wi 0:5) interacting with clumps of varying ionization fraction (X cl 0:1, 0:5 and 0:9). Dynamically, these models display signi®cant variations in the behaviour of the ionic and neutral components of the shock structure because of the differences in the relative ram pressure which is experienced by each component. In the low-ionization model, the neutral bow shock moves ahead of that of the ions, and in the high-ionization model the converse is the case. Since the bow shocks have slightly different shapes (the ionic shock has a smaller radius of curvature owing to the electrons), there are implications for the large-scale structure of the¯ow beyond the scale of the current simulations, with the bow shocks diverging if the neutral shock moves ahead and converging if the ion shock moves ahead. Higher resolution simulations on a larger scale will be necessary to determine the possible observational effect of this phenomenon. It may be the case that the converging shocks eventually cross and that the large-scale structure of the¯ow always has the neutral shock ahead of the ion shock in a signi®cant proportion of the¯ow. Alternatively, since the shocks are highly oblique to the ambient wind in this region, the ion±neutral exchange processes for energy and momentum may smooth both shocks to to the point where they can be considered coincident from a large-scale point of view.
We have also calculated simulated long-slit spectra of these models and, for high ionization of the clump, these display a narrow component at the preshock speed reminiscent of the Ha line pro®les taken from the Balmer ®laments found in SNRs. For lower ionization fractions this component disappears since the neutral shock is ahead of the ion shock and cool neutral gas is no longer in contact with the hot electrons which are responsible for most of the Ha emission. The electron temperature in these models increases adiabatically at the ionic shock and equilibrates via elastic collisions thereafter. If the electron and ion temperatures are equilibrated more rapidly by a mechanism such as Alfve Ân turbulence, then the ionization and emission structures may change considerably.
The X cl 0:9 model presents perhaps the most interesting¯ow pattern. However, it is not clear how a situation where a wind of this type encounters a clump of higher ionization may arise. If a photoionization precursor is present, for example, then one would expect the wind also to have a very high ionization. As mentioned in Section 1, however, the mechanism which produces the¯ow pattern in the wind clump interaction will also be present in any situation where the preshock medium has a higher ionization than the impacting¯ow. The interaction of a wind with the Stro Èmgren sphere around a hot star may fall into this category. The narrow components seen in the spectra of SNR Balmer ®laments tend to have a width of 30 À 50 km s À1 , which is inconsistent with preshock neutral gas in ionization equilibrium. This is usually interpreted as some form of shock precursor, heating the neutral gas over a distance shorter than the characteristic ionization length. However the width of the narrow component from the intershock region in Fig. 11 is comparable. Models of multi¯uid ows with different geometries than those presented in this preliminary paper may determine whether the drift between the ions and neutrals can account for a narrow component width of this order. 
